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In the life cycle of plus-strand RNA viruses, the genome initially serves as the template for both translation of the
viral replicase gene and synthesis of minus-strand RNA and is ultimately packaged into progeny virions. These
various processes must be properly balanced to ensure efficient viral proliferation. To achieve this, higher-order
RNA structures near the termini of a variety of RNA virus genomes are thought to play a key role in regulating the
specificity and efficiency of viral RNA synthesis. In this study, we have analyzed the signals for minus-strand RNA
synthesis in the prototype of the arterivirus family, equine arteritis virus (EAV). Using site-directed mutagenesis
and an EAV reverse genetics system, we have demonstrated that a stem-loop structure near the 3� terminus of the
EAV genome is required for RNA synthesis. We have also obtained evidence for an essential pseudoknot interaction
between the loop region of this stem-loop structure and an upstream hairpin residing in the gene encoding the
nucleocapsid protein. We propose that the formation of this pseudoknot interaction may constitute a molecular
switch that could regulate the specificity or timing of viral RNA synthesis. This hypothesis is supported by the fact
that phylogenetic analysis predicted the formation of similar pseudoknot interactions near the 3� end of all known
arterivirus genomes, suggesting that this interaction has been conserved in evolution.

Following genome translation and replication complex forma-
tion, the RNA synthesis of plus-strand RNA viruses starts with
the production of a full-length minus-strand copy of the genomic
RNA, which will serve as template for replication. To maintain
the integrity of the genome, the initiation of minus-strand RNA
synthesis has to occur at or close to the 3� terminus of the RNA
molecule. Consequently, prior to the initiation of minus-strand
RNA synthesis, the replicase complex must be specifically tar-
geted to recognition signals in the viral genome. Plus-strand RNA
virus genomes are involved in a variety of processes and interac-
tions including translation, replication, transcription, and encap-
sidation. The balance between these processes must be properly
maintained to ensure efficient viral proliferation.

Over the past decade, it has been increasingly recognized
that RNA-mediated processes can be controlled by conforma-
tional switches that are based on alternative RNA structures
(20, 27, 42). Recent evidence, obtained using several unrelated
viruses, suggests that such conformational switches may be
needed to hide and expose specific RNA signals in the 3� end
of viral genomes. Some viruses appear to activate these
switches by changing the conformation of 3� proximal struc-
tures (16, 28, 33, 51). For example, barley yellow dwarf virus is
proposed to repress minus-strand RNA synthesis by embed-
ding its genomic 3� end in a “pocket” structure, thereby making
it unavailable to the RNA-dependent RNA polymerase
(RdRp) complex (16). A similar molecular switch was pro-
posed for several coronavirus genomes, involving sequences
within stem-loop and RNA pseudoknot structures in the 3�

untranslated region (UTR) (9, 12, 13, 47). In addition, cellular
factors or viral proteins may affect the balance between such
alternative structural conformations (28, 38). For example, the
3� terminus of the alfalfa mosaic virus genome can adopt an
alternative conformation by the formation of a pseudoknot.
Binding of the viral coat protein to the genomic 3� end inhibits
minus-strand RNA synthesis by interfering with the formation
of this pseudoknot (28). These findings among different groups
of RNA viruses suggest that RNA conformational switches
may control the exposure of RNA signals recognized by the
RdRp complex to regulate both the timing and the levels of
viral RNA synthesis.

The plus-strand RNA genomes of members of the order
Nidovirales (arterivirus, coronavirus, torovirus, and ronivirus; for
reviews, see references 11 and 39) are capped at their 5� end and
polyadenylated at their 3� end. Nidovirus replication occurs in the
cytoplasm of the infected cell and is driven by a complex of 13 to
16 replicase subunits, including the viral RdRp complex. In ad-
dition to producing full-length plus- and minus-strand molecules,
the RNA-synthesizing machinery of nidoviruses engages in the
production of a nested set of 3� coterminal subgenomic (sg)
mRNAs. In the case of corona- and arteriviruses, these transcripts
also contain a common 5� leader sequence that is derived from
the genomic 5� end. Subgenomic RNA production relies on a
unique mechanism of discontinuous RNA synthesis that is
thought to operate during minus-strand RNA synthesis and
serves to produce the subgenome-length minus-strand templates
for mRNA synthesis (for reviews see references 30, 35, and 36
and references therein). Thus, for nidoviruses, both genome rep-
lication and sg RNA synthesis are thought to initiate at the 3� end
of the viral genome RNA.

Equine arteritis virus (EAV) is the prototype virus of the
arterivirus family. In a previous study, we investigated the
RNA secondary structure of the 3� end of the 12.7-kb EAV
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genome (3). Two stem-loop structures were implicated in the
initiation of viral RNA synthesis SL5 (Fig. 1A), located in the
3� UTR, and SL4, located in the most 3� proximal gene of
the EAV genome, which encodes the nucleocapsid (N) pro-
tein. To gain insight into the mechanisms involved in the reg-
ulation of EAV minus-strand RNA synthesis, we have now
further characterized the RNA signals near the 3� end of the
genome. We demonstrate that the structure of the SL5 stem is
important for RNA synthesis, as is its large single-strand loop
region. We have also obtained evidence for a pseudoknot in-
teraction between the loop region of SL5 and the SL4 hairpin,

a structural feature that was found to be essential for viral
RNA synthesis. We propose that the formation of this
pseudoknot interaction may constitute a molecular switch that
could regulate the specificity or timing of viral RNA synthesis.
This notion was supported by a phylogenetic analysis revealing
that the 3� proximal pseudoknot interaction has likely been
conserved in arterivirus evolution.

MATERIALS AND METHODS

Site-directed mutagenesis and EAV reverse genetics. Mutations in the 3�
proximal domain of the EAV genome were engineered in shuttle plasmids by

FIG. 1. RNA secondary structure models for the 3� UTR of wild-type EAV and SL5 mutants. (A) Mutations were introduced in the SL5 stem
region. Mutant 1L has a 3-nucleotide substitution on the left side of the stem, and mutant 1R on the right side. Mutations 1L and 1R are
complementary, and base pairing is restored in the double mutant 1LR. Similar mutations were also introduced in the lower stem segment (2L,
2R, and 2LR). The stability of the stem region was targeted in mutants 3L, 3R, and 3LR by the replacement of two G-C base pairs. (B) Mutants
Loop1, Loop2, and Loop3 contain point mutations in the SL5 loop region. (C) Mfold prediction of an alternative structure for the SL5 stem-loop
with similar stability, in which part of the loop region is closed by base pairing. This alternative structure was stabilized by the mutations introduced
in mutant Stable and prevented by the mutation introduced in mutant Open.
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standard site-directed PCR mutagenesis. After sequence analysis, restriction
fragments containing the desired mutations were transferred to full-length clone
pEAV211 (43). Full-length transcripts were generated in vitro from XhoI-lin-
earized plasmid DNA using T7 RNA polymerase (Invitrogen). In vitro transcrip-
tion was performed in the presence of a cap analog (New England Biolabs), and
the reaction conditions have been described previously (45). Following DNase I
treatment and phenol extraction, unincorporated free nucleotides were removed
using an RNase-free MicroBioSpin P-30 column (Bio-Rad). Subsequently, RNA
was isopropanol precipitated and dissolved in water. RNA concentration was
measured by UV spectroscopy, and the integrity of the RNA transcripts was
verified by agarose gel electrophoresis.

Cells and transfections. Baby hamster kidney cells (BHK-21; ATCC CCL10)
were used for EAV full-length RNA transfection experiments as described pre-
viously (45). Cells were grown to subconfluence, trypsinized, washed with phos-
phate-buffered saline (PBS), and resuspended in PBS at a concentration of 5 �
107 cells per ml. Equal amounts (6 �g) of full-length EAV RNA were used to
transfect 100 �l of the BHK-21 cell suspension (5 � 106 cells) by electroporation
using a Nucleofector (Amaxa) system according to the supplier’s protocol (kit T,
program T-20). After transfection, the cells were seeded and incubated at 39.5°C.

Analysis of virus replication. Immunofluorescence dual-labeling assays with a
rabbit antiserum specific for EAV nsp3 and mouse monoclonal antibody 3E2
directed against the EAV N protein were performed as described previously (44)
at different time points after transfection. For intracellular RNA isolation, cells
were lysed at 14 h posttransfection, and RNA was isolated using the acidic
phenol method, as described previously (29). Viral RNA was analyzed with
denaturing formaldehyde-agarose gels and hybridized with the radioactively la-
beled oligonucleotide probe E868 (antisense, genome positions 12270 to 12289)
which recognizes both genomic and subgenomic plus-strand RNAs. Dried gels
were imaged using phosphorimager screens, which were scanned with a Personal
Molecular Imager FX (Bio-Rad) after exposure. Virus titration using plaque
assays was done as described previously (23). BHK-21 cells were grown to
subconfluence and infected with a serial dilution of the sample to be tested.
Infection was performed for 1 h at 39.5°C, after which an overlay of 1% agarose
in medium was applied. Plaques were detected after incubation at 39.5°C for 2 to
3 days.

Analysis of revertants. The 3� proximal region of the EAV genome was
amplified from intracellular RNA (see description above), using reverse tran-
scription (RT)-PCR. For the RT reaction, an 18-nucleotide oligo(dT) primer was
used to prime reverse transcription from the poly(A) tail. In the subsequent
PCR, the reverse primer oligo(dT) and the forward primer E817 (positions
12288 to 12308) were used. The RT-PCR product was used for direct population
sequencing or was cloned into a plasmid using a TOPO TA cloning kit (Invitro-
gen), after which individual clones were sequenced. To analyze the impact of the
acquired mutations on the viral phenotype, sequences derived from the rever-
tants were cloned back into full-length clone pEAV211. Introduction of the
revertant sequences was verified by sequence analysis, and full-length clones
were used to launch (potential) revertant viruses as described above.

Phylogenetic analysis. The sequences of different arteriviruses (EAV, porcine
reproductive and respiratory syndrome virus [PRRSV], simian hemorrhagic fe-
ver virus [SHFV], and lactate dehydrogenase-elevating virus [LDV]) were re-
trieved and aligned using the nucleotide-nucleotide BLAST service at NCBI.
RNA secondary structures were predicted using the Zuker algorithm (52) on the
Mfold Web server (53). RNA secondary structure drawings were created using
RNAviz software (6).

RESULTS

Design of SL5 mutants. To study the role of the 3� proximal
SL5 hairpin structure (Fig. 1A) (3) in viral RNA synthesis,
mutations were introduced in an EAV full-length cDNA clone
(45) that served as the basis for reverse genetics experiments.
To study the importance of the SL5 stem, the upper stem
segment (segment 1) was mutated by a 3-nucleotide substitu-
tion, either on its left side (mutant 1L) or on the right side
(mutation 1R) as shown in Fig. 1A. Mutations 1L and 1R were
complementary, and base pairing should be restored in double
mutant 1LR containing both sets of mutations. Similar muta-
tions were introduced in the lower-stem segment (segment 2;
mutants 2L, 2R, and 2LR). In addition, the importance of the
stability of the stem region was probed by the substitution of

two G-C base pairs, one in each stem segment (Fig. 1A). In
mutant 3L, these base pairs were replaced by A-C mismatches,
in mutant 3R by G-U base pairs, and in mutant 2LR by A-U
base pairs.

The SL5 hairpin contains a large single-stranded loop re-
gion, as was previously predicted by Mfold RNA secondary
structure analysis (52, 53) and verified with biochemical prob-
ing experiments (3). To study the importance of this loop
region in RNA synthesis, mutants Loop1, Loop2, and Loop3
were generated which contained various point mutations in the
loop region (Fig. 1B). In addition, the Mfold program pre-
dicted an alternative SL5 structure with similar stability, in
which part of the loop sequence is engaged in base pairing
(Fig. 1C). To study the possible contribution of this alternative
structure to RNA synthesis, two mutants were generated (Fig.
1C). In mutant Stable, substitutions were introduced on the
left side of the stem, which were complementary to bulge
nucleotides on the right side of the stem. This resulted in a
modified SL5 structure with an extended, more stable stem
region and part of the loop sequence engaged in base-pairing
interactions. In mutant Open, on the other hand, the formation
of this putative alternative structure was prevented by a single
point mutation.

The SL5 structure and loop region are critical for EAV RNA
synthesis. BHK-21 cells were transfected with infectious RNA
transcribed in vitro from wild-type and mutant EAV full-length
cDNA clones. For an initial rapid screening, the production of
viral proteins in transfected cells was monitored by dual-label-
ing immunofluorescence assays (IFA) using antisera recogniz-
ing nonstructural protein 3 and the structural N protein, which
served as indicators for genome replication and sg mRNA
synthesis, respectively (summarized in Table 1). In addition,
supernatants harvested from the transfected cell cultures were
tested for the presence of progeny virus by using plaque assays
(Table 1). No IFA signal or infectious progeny was detected
for the mutants in which one side of the stem was mutated (1L,
1R, 2L, and 2R), whereas virus replication was comparable to
that of the wild-type control in the case of double mutants 1LR
and 2LR, in which the base-pairing possibilities to form the
SL5 stem had been restored. The stability of the stem region
also appeared important for virus viability. Replacing two G-C
base pairs with A-U base pairs in mutant 3LR resulted in
reduced IFA signals, a small-plaque phenotype, and a 450-fold

TABLE 1. Viability of SL5 stem mutantsa

Mutant

IFA at the indicated time
points posttransfection Titer (PFU/ml) at

24 h posttransfection
14 h 24 h 40 h

wt �� ��� X 9 � 106

1L � � � ND
1R � � � ND
1LR �� ��� X 5 � 106

2L � � � ND
2R � � � ND
2LR �� ��� X 3 � 106

3L � � � ND
3R � � � ND
3LR � �� ��� 2 � 104

a X, cells were detached and dying from infection. ND, not determined.
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reduction of virus titer. Substitution with G-U base pairs in
mutant 3R and disruption of base pairing in mutant 3L com-
pletely blocked virus replication. The viability of mutant Loop1
was reduced as illustrated by a smaller-plaque phenotype and
40-fold reduction in virus titer, whereas the Loop2 and Loop3
mutations completely abolished replication (Table 2). Mutant
Open replicated efficiently, but no IFA signal or infectious
progeny could be detected for mutant Stable (Table 2).

Synthesis of viral RNA (genomic and subgenomic) was an-
alyzed after approximately one cycle of virus replication. For
the wild-type virus, both the full-length genome (RNA1) as
well as the sg mRNAs 2 to 7 were detected (Fig. 2). No RNA
was produced for the single mutants 1L, 1R, 2L, and 2R,
whereas all RNAs were produced at levels similar to those of
the wild-type control by the double mutants 1LR and 2LR. No
RNA synthesis was observed for mutants 3L and 3R, whereas
all RNAs were produced by mutant 3LR, albeit at severely
reduced levels. In this crippled mutant, genome replication and
sg RNA synthesis were affected to the same extent.

All mutations introduced in the SL5 loop region were found
to inhibit or block viral RNA synthesis (Fig. 2). Mutant Loop1
produced reduced levels of all RNAs, whereas no RNA signal
was detected for mutants Loop2 and Loop3. RNA synthesis by
mutant Open was just slightly reduced compared to that of the
wild-type virus, and no RNA synthesis was observed for mutant

Stable. The fact that mutant Open produced RNA at levels
close to that of the wild type suggested that the alternative
structure predicted for SL5 (Fig. 2B) does not play an impor-
tant role in RNA synthesis. These results demonstrate that the
structure and stability of the SL5 stem are important for RNA
synthesis. In addition, sequences in the SL5 loop region were
found to play a key role in viral RNA synthesis, presumably
during the initiation of viral minus-strand RNA synthesis.

Reversion of two SL5 mutants. Upon prolonged culture of
viruses with impaired replication properties, revertants with
increased fitness can arise. Analysis of the changes in the
genomes of such revertants may identify important RNA se-
quences and/or structures. At 72 h posttransfection, the first
positive IFA signal was observed for cells transfected with
mutants Stable and Loop2. To analyze the genetic changes in
these revertants, RNA was isolated from infected cells, and the
3� proximal domain of the EAV genome was amplified by
RT-PCR. Population-based sequencing of the PCR product
for the revertants of the Stable mutant produced an inconclu-
sive result, probably due to the presence of a mixture of se-
quences. Therefore, this PCR product was cloned in a plasmid,
and seven individual clones were analyzed (Fig. 3). Two of
these clones contained an insertion in the upper part of the
SL5 stem, and in addition, the G introduced into the lower part
of the stem had reverted back to the wild-type U residue
(St-rev1). One clone (St-rev2) contained the insertion lacking
the 5� G residue, and in four other clones, an additional G was
lacking from the insertion (St-rev3), resulting in a sequence
that differed at only one position (the U-to-A change) from
that of the wild-type sequence (Fig. 3). After one additional
virus passage, all of the eight clones analyzed were of the
St-rev3 type, suggesting that reversion most likely started with
an insertion that was further modified to gain replication ca-
pacity. Clones St-rev1 and St-rev2 may represent intermediates
from an evolutionary pathway leading to the St-rev3 sequence,
which differs from the wild-type sequence at only one position
in the SL5 loop.

The population sequence of the Loop2 revertant revealed a

TABLE 2. Viability of SL5 loop mutantsa

Mutant

IFA at the indicated time
points posttransfection Titer (PFU/ml) at

24 h posttransfection
14 h 24 h 40 h

wt �� ��� X 2 � 107

Loop1 � �� ��� 5 � 105

Loop2 � � � ND
Loop3 � � � ND
Open �� ��� X 5 � 106

Stable � � � ND

a X, cells were detached and dying from infection. ND, not determined.

FIG. 2. RNA synthesis by wild-type EAV and SL5 mutants. Infectious RNA was transfected into BHK-21 cells, and intracellular RNA was
isolated at 14 h posttransfection. The RNA was separated in a denaturing agarose gel and analyzed by hybridization to an oligonucleotide detecting
all plus-stranded viral RNAs. The positions of the genome (RNA1) and sg mRNAs (RNA2 to RNA7) are indicated.
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single second-site reversion directly upstream of the intro-
duced mutations (Fig. 4A, L-rev1). In addition, sequencing of
nine cloned PCR products was performed (Fig. 4A). Seven of
these clones contained only the same reversion mutation iden-
tified by population sequencing (L-rev1). However, two clones
had mutations in the SL4 region, suggesting an interaction
between this domain and the SL5 region in which the Loop2
mutations had been introduced. Upon detailed analysis of the
sequences, a potential SL4-SL5 base-pairing interaction was
identified consisting of 10 base pairs interrupted by two mis-
matches (Fig. 4A and Fig. 5). One of the three mutations
introduced in mutant Loop2 would result in the loss of one
base pair in this duplex. The acquired mutation in L-rev1
would create an alternative base pair, filling one of the gaps in
the original base paired region, and would thus strengthen the
interaction. One clone (L-rev2) contained both the L-rev1
mutation and a mutation in SL4 that would create an addi-
tional base pair. Clone L-rev3 contained the original, mutated
SL5 domain from mutant Loop2 but contained an SL4 muta-
tion generating a novel base pair at the same position pin-
pointed by the L-rev1 revertant (Fig. 4A). To confirm that the
acquired mutations were indeed the basis for reversion of the
Loop2 mutant, they were introduced into the Loop2 mutant
full-length cDNA clone, which originally was negative for virus
replication (Table 2). Following transfection, virus replication
was again monitored by IFA and plaque assays (Fig. 4A), and

intracellular RNA synthesis was analyzed (Fig. 4B). Although
the virus containing the L-rev2 sequence was found to be
nonviable, both of the reversions identified in the genomes of
L-rev1 and L-rev3 restored viral RNA synthesis, albeit not to
the wild-type level. These results clearly demonstrated that
second-site mutations in SL4 can indeed compensate for mu-
tations introduced in SL5 and supported the existence and
importance of the potential RNA pseudoknot structure
formed by these two elements.

The SL4-SL5 pseudoknot interaction is essential for EAV
RNA synthesis. To investigate the relevance of the proposed
SL4-SL5 pseudoknot interaction in more detail, a series of
mutants was generated in which the interaction was dis-
rupted and subsequently restored without affecting the pre-
dicted structure of the individual hairpins (Fig. 5). In mu-
tants Or4 and Or5, the orientations of the central
pentanucleotide sequences in the SL4 and SL5 loops, re-
spectively, were inverted to disrupt their interaction. Double
mutant Or45 contained a combination of these mutations
which should lead to a restoration of the base-pairing pos-
sibilities. In a second set of mutants, the central pentanucle-
otide sequences of the SL4 and SL5 loops were switched
(mutants Sw4 and Sw5), again with restoration of base pair-
ing predicted for double mutant Sw45.

BHK-21 cells were again transfected with the full-length
RNA transcribed from wild-type and mutant EAV cDNA

FIG. 3. Reversion of mutant Stable. The mutations originally introduced into mutant Stable are boxed. Upon sequence analysis, we identified
two clones named St-rev1 that contained an insertion partly restoring the wild-type sequence and opening the loop region (insertions are shown
in balls, wild-type residues are marked in light gray, mutant residues in dark gray). The sequence St-rev2 was obtained from one clone, the sequence
St-rev3 from four clones. After one additional virus passage, all eight clones sequenced were of the St-rev3 type.
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clones, and virus replication was monitored as described above.
No IFA signal or infectivity was detected for the single mutants
Or4 and Or5, whereas replication was restored in the double
mutant Or45 (Table 3). Upon analysis of intracellular viral
RNA synthesis (Fig. 6), there was no signal for the single
mutants, whereas the RNA levels produced by double mutant
Or45 approached those of the wild-type control. Also, for the
Sw4 and Sw5 single mutants, RNA synthesis was completely
disrupted (Fig. 6 and Table 3). Restoration of the base-pairing
possibilities in double mutant Sw45 resulted in a low level of
virus activity, as evidenced by the production of small quanti-

ties of intracellular viral RNA (Fig. 6) and a modestly positive
IFA result (Table 3). However, for this double mutant, infec-
tious progeny could not be detected in plaque assays, either
because there was no virus production or, more likely, because
the slow replication and low titers of this mutant virus were
insufficient to allow plaque formation (as observed for other
studies of severely crippled EAV mutants). Nevertheless, the
results listed above, in particular those obtained with the Or4,
Or5, and Or45 set of mutants, confirmed the critical impor-
tance for EAV RNA synthesis of both SL4 and SL5 loop
sequences and their pseudoknot-type interaction.

FIG. 4. Reversion of mutant Loop2. (A) Sequences of the 3� terminal region of the genome of the Loop2 revertant were determined by
RT-PCR, followed by sequencing of nine individual clones. Of the sequenced clones, seven were found to contain a second-site mutation in the
SL5 loop region (L-rev1), but two clones acquired mutations in the SL4 domain. The revertant sequences were introduced into the wild-type EAV
cDNA clone. Virus replication was studied using IFA with EAV-specific antisera for nsp3 and N at different time points after transfection, and
virus titration was performed using plaque assays. The sequence of the SL5 loop region is depicted in the 3�-to-5� direction, whereas that of SL4
is depicted in the 5�-to-3� direction. Base-pairing possibilities between the two sequences are indicated by dots. The mutations introduced in the
Loop2 mutant are marked in italics; the acquired reversions are marked by a black box. (B) Hybridization analysis of the RNA synthesis of the
loop2 revertants (see the legend to Fig. 2 for details).

FIG. 5. RNA secondary structure model showing the proposed SL4-SL5 pseudoknot interaction and pseudoknot mutants. The nucleotides
involved in the pseudoknot interaction are marked in gray, and the base-pairing interaction is depicted by lines. The orientation of the central
pentanucleotide in the loop was changed in SL4 (Or4) or SL5 (Or5) or both (Or45), which restored base-pairing possibilities. The pentanucleotide
sequence of SL4 was switched with that of SL5 in mutant Sw4, and vice versa in mutant Sw5. Base-pairing possibilities were again restored in
mutant Sw45. The stop codon of the N protein gene is underlined.
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The SL4-SL5 pseudoknot interaction is conserved in evolu-
tion. The natural sequence variation in the EAV SL4 and SL5
domains was analyzed to obtain phylogenetic support for the
proposed pseudoknot interaction. However, the majority of
sequences in a collection of EAV isolates was found to be
identical to that of the Bucyrus isolate used in this study (Fig.
7). Only the Vienna isolate was found to contain a nucleotide
change that creates an additional base pair, whereas the CW01
isolate was found to contain two nucleotide changes, both of
which create an additional base pair in the interaction. Despite
the limited variation observed, these nucleotide variations all
supported the proposed pseudoknot interaction.

In addition, we tried to align the sequence of the 3� end of
the EAV genome with the corresponding domain of the other
known arteriviruses, PRRSV (of European [EU] and North
American [NA] genotypes), SHFV, and LDV, but obvious
sequence conservation was not detected (results not shown).
Subsequently, the RNA secondary structure of the 3� proximal
region of the different genomes was predicted using Mfold
software. It was found that similar pairs of 3� proximal hairpins
can be predicted for all other arterivirus genomes (Fig. 8).
Strikingly, in all cases, the potential for pseudoknot formation
between the top region of the 3� terminal hairpin (SL5 in
EAV) and the upstream hairpin (SL4) was found, although the
number of base pairs involved in this interaction differed.

To obtain further phylogenetic support for the proposed
pseudoknot interactions, sequences from different isolates
were aligned (Fig. 7). For PRRSV-NA, 27 other database
entries were identical to that of standard isolate VR-2332.
Covariation was observed for isolates Ingelvac, HB-1, and
HB-2, in which a U-A base pair in the interaction was replaced
by a C-G base pair. In a Taiwanese isolate, an additional base
pair is created at the position of a mismatch in the proposed
duplex. A nucleotide change creating a mismatch was found in
four different PRRSV-NA isolates, in addition to several “neu-
tral” nucleotide variations that do not affect base pairing. For
PRRSV-EU, four other sequences were found to be identical
to that of the standard Lelystad isolate. Strain EuroPRRSV
was found to contain one neutral nucleotide change, and the
Olot/91 isolate was found to contain two neutral changes and
one change creating a mismatch. For LDV, all six of the other
available sequences were identical to those of the LDV-P iso-
late. Taken together, the results of this comparative analysis
suggested that the proposed SL4-SL5 pseudoknot interaction
near the 3� end of the EAV genome is a conserved feature in
arterivirus evolution.

DISCUSSION

Many important functions are associated with the 3� termi-
nus of RNA virus genomes, which may include initiation and
regulation of minus-strand RNA synthesis, regulation of trans-
lation, participation in encapsidation, virion assembly, and pos-
sibly stabilization of the RNA molecule. In this study we have
analyzed the RNA signals near the 3� end of the genomic RNA
of the EAV. The SL5 hairpin, located within the 3� UTR just
upstream of the poly(A) tail, was previously implicated in EAV
RNA synthesis, presumably at the level of initiation of minus-
strand RNA synthesis (3). Site-directed mutagenesis and re-
verse genetics were employed to define the essential compo-
nents of this structural element. We demonstrated (Fig. 2) that
it is the structure and not the sequence of the SL5 stem region
that is important for viral RNA synthesis and that in particular,
the large single-strand loop conformation and sequence of the
SL5 loop are crucial (Fig. 1 to Fig. 3). Mfold predicted an
alternative structure for the SL5 hairpin, with similar stability
and part of the loop sequence engaged in internal base pairing.
However, a mutation (mutant Open) that should prevent for-
mation of this alternative structure had no significant effect
(Fig. 2), suggesting that this fold is not required for EAV RNA
synthesis. In addition, stabilization of the alternative fold (mu-
tant Stable) was found to inhibit RNA synthesis and yielded a
revertant in which both the sequence and the predicted fold of
the large single-stranded SL5 loop had been restored (Fig. 3).
Furthermore, several point mutations in the SL5 loop severely
or completely inhibited RNA synthesis (Fig. 2).

Revertants obtained after prolonged culturing of the mutant
Loop2 had acquired second-site mutations in either the SL5
loop (L-rev1) or the SL4 hairpin (Fig. 4A), suggesting a func-
tional interaction between the SL5 and SL4 domains. The role
of the acquired mutations in the phenotypic reversion of the
loop2 mutant was verified by introduction of the revertant
sequences into the wild-type EAV cDNA clone. The revertants
L-rev1 and L-rev3 indeed gained replication capacity, but the

FIG. 6. Hybridization analysis of the RNA synthesis by wild-type
EAV and pseudoknot mutants (see the legend to Fig. 2 for details).

TABLE 3. Viability of SL4-SL5 pseudoknot mutants

Mutant

IFA at the indicated time
points posttransfection Titer (PFU/ml) at

24 h posttransfection
14 h 24 h 40 h

wt �� ��� X 7 � 106

Or5 � � � ND
Or4 � � � ND
Or45 �� ��� X 3 � 106

Sw5 � � � ND
Sw4 � � � ND
Sw45 � �� ��� �103

a X, cells were detached and dying from infection. ND, not determined.
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revertant L-rev2 appeared to be replication deficient (Fig. 4).
The SL4 hairpin is located in the N protein gene, and the
acquired mutations in both L-rev2 and L-rev3 affected the
amino acid sequence of the N protein. The mutation found in
L-rev3 was also identified in natural EAV isolates, indicating that
it is unlikely to affect N protein function. On the other hand, in
contrast to what has been suggested for coronaviruses (1, 2, 25,
37, 41), the arterivirus N protein was previously found to be
dispensable for both replication and transcription (24, 31), since
the L-rev2 sequence was cloned from RT-PCR on total cellular
RNA, it could represent a nonreplicating genome.

The existence and importance of an SL4-SL5 base-pairing
interaction was supported in more detail by using a series of
mutants in which base pairing was disrupted and restored with-
out affecting the structure of the individual hairpins (Fig. 6).
These mutations only targeted the central pentanucleotide se-
quence located in the loop region, and the results would be
consistent with an SL5-SL4 interaction consisting of a kissing
loop interaction (i.e., involving only the unpaired nucleotides
in the loop regions). However, the potential for a more ex-
tended SL4-SL5 pseudoknot interaction was discovered to
consist of up to 10 base pairs (interrupted by two mismatches).
Phylogenetic analysis revealed that the possibility for this ex-
tended SL4-SL5 interaction is conserved in different EAV iso-
lates (Fig. 7). The mismatches were absent in two different
isolates of EAV, and one mismatch was repaired in two dif-
ferent Loop2 revertants (Fig. 4). In addition, similar
pseudoknot interactions can be predicted for the 3�-proximal
domain of the genomes of all other arteriviruses (Fig. 8), which

are only quite distantly related to EAV (11). Possibly due to
this evolutionary distance, the predicted number of base pairs
involved in the pseudoknot interaction is quite variable, and
some mismatches appear to be permitted (Fig. 7). On the basis
of these combined observations, we consider it likely that the
SL5 and SL4 hairpins can indeed engage in the more extended
pseudoknot interaction. A pair of 3� proximal hairpins involved
in a pseudoknot interaction may thus be a conserved feature of
arterivirus genomes and one that, given its position in the
genome and our results, is likely involved in regulating a crit-
ical step in viral of RNA synthesis.

A property inherent in RNA pseudoknots (32) is their low
stability, which often results in the folding of alternative struc-
tures (8, 17, 34, 48). This feature enables them to function as
“molecular switches,” a situation also encountered, for exam-
ple, elsewhere in the genome of EAV and all other nidovi-
ruses, where an RNA pseudoknot is a key element of the
ribosomal frameshift-inducing mechanism that regulates ex-
pression of replicase ORF1b (4, 5). The SL4-SL5 pseudoknot
interaction now identified in the 3� proximal domain of the
EAV genome is essential for viral RNA synthesis, most likely
by playing a role in the initiation of minus-strand RNA syn-
thesis. Possibly, the pseudoknot conformation is specifically
recognized by the viral replicase complex, and switching to or
from a conformation containing the individual SL4 and SL5
hairpins could regulate the specificity or timing of an appar-
ently critical step in arterivirus RNA synthesis.

The genomes of plus-strand RNA viruses are not only tem-
plates for RNA synthesis, but are also directly translated to

FIG. 7. Alignment of the nucleotides involved in the pseudoknot interaction in different arteriviruses. Several nucleotide changes were
identified, as follows: those not disrupting base pairing (unmarked) and disrupting base pairing (black), those creating an additional base pair (dark
gray), and covariations (light gray).
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yield viral proteins. Opposing the model in which every
genomic RNA molecule is used for both translation and RNA
synthesis stands a model in which RNA molecules may have a
designated function, at least later in infection. Replication of
the genome of EAV and other plus-strand RNA viruses takes
place in complexes that are associated with cytoplasmic mem-
branes and contain both viral and host proteins. It has been
speculated that this compartmentalization may serve to create
an optimal environment for RNA synthesis (7, 21, 40). Accord-
ing to this model, the local concentration of essential factors in
a given compartment could determine whether translation or
replication would be favored, maintaining two separate pools
of genomic RNAs. Studies of RNA synthesis suggested that
this is not the case for poliovirus. Viral RNA replication was
found to depend on translation in cis of the genome, suggesting
that a particular viral genome must first be translated to be-

come competent for RNA synthesis (26). These results imply
that for poliovirus and possibly other plus-strand RNA viruses,
each viral RNA genome has a dual role which would require
regulation throughout the entire virus life cycle. Viral RNA
synthesis in poliovirus and other enteroviruses was suggested
to be regulated by a pseudoknot interaction in the 3� UTR (15,
22). Pseudoknots are present near the 3� end of many viral
RNA genomes and may be optimally suited to function as a
molecular switch regulating the initiation of RNA synthesis.

For PRRSV, an additional kissing loop interaction between
the upstream stem-loop involved in the proposed pseudoknot
(the “equivalent” of EAV SL4) and a hairpin located in the N
protein gene was previously suggested to be required for virus
replication (46). The pseudoknot and the kissing loop interac-
tion are mutually exclusive interactions, which may both act as
molecular switches in different stages of the PRRSV life cycle.

FIG. 8. Conservation of the pseudoknot interaction in all known arteriviruses. The RNA secondary structure predictions for the two terminal
stem-loop structures in different arterivirus genomes are shown. For all arteriviruses, a putative interaction between the top region of the terminal
hairpin and the upstream hairpin is predicted and is marked in gray. Shown are EAV (Brucyrus [accession number NC002532]), SHFV (M6941
[accession number NC003092]), LDV (Plagemann [accession number U15146]), PRRSV (VR2332 [accession number U87392]), and PRRSV
(Lelystad [accession number M96262]).
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However, a similar kissing loop interaction could not be pre-
dicted in the genomes of EAV and other arteriviruses. Coro-
naviruses have a longer and more complex 3� UTR than
arteriviruses, and we were unable to identify a pseudoknot
interaction similar to that in EAV, involving a 3� terminal
hairpin. However, a conserved pseudoknot in sequences more
upstream in the coronavirus 3� UTR has been documented (9,
9, 12, 13, 47). This pseudoknot interaction was also proposed
to act as a molecular switch during virus replication, but it is
currently unknown whether it could be the functional equiva-
lent of the one described here for arteriviruses. Although none
of them mapped to the region containing the pseudoknot,
several protein binding sites were reported in the coronavirus
3� UTR. For example, four cellular proteins were found to
bind the 3� terminus of the mouse hepatitis virus (MHV)
genome (49, 50), and a binding site for the hnRNP A1 was
mapped to the 3� proximal region of the MHV genome (14).
However, these binding sites could be deleted without a sig-
nificant effect on viral replication or RNA synthesis (10).

Depending on the energy barrier between the conformation
with individual SL4 and SL5 hairpins and the pseudoknot
conformation in the EAV 3� genome terminus, the putative
switch could be self-induced or require trans-acting elements.
Previously, pseudoknot formation was not detected during in
vitro chemical and enzymatic probing experiments (3). This
suggests that in vivo trans-acting factors may be involved in
pseudoknot formation. Alternatively, the pseudoknot may be a
very unstable and transient interaction that cannot be detected
using biochemical probing. A recent study of SHFV described
binding of two cellular proteins to the stem-loop structure at
the 3� end of the genome, which were identified as polypy-
rimidine tract-binding protein and aldolase A (18, 19). The
same proteins were reported to interact with the 3� UTR of the
EAV and PRRSV genomes (19), but the biological role and
importance of these interactions with the 3� UTR remain to be
investigated. Our ongoing studies will focus on identification of
cellular and viral proteins that bind specifically to the hairpin
or pseudoknot structures in the EAV genome, and could be
involved in a putative switch between these conformations.
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